It is unclear how binding of antidepressant drugs to their targets gives rise to the clinical antidepressant effect. We discovered that the transmembrane domain of TRKB, a BDNF receptor promoting neuronal plasticity and antidepressant responses, has a cholesterol-interaction site that may mediate the synaptic effects of cholesterol. We then found that both typical and fast-acting antidepressants bind to this cholesterol-interaction motif, thereby facilitating synaptic localization of TRKB and its activation by BDNF.
Introduction
Several targets for antidepressant drug action have been identified but it is not clear how binding to these targets is translated into the clinical effects. Classical antidepressants, such as tricyclic antidepressants and serotonin selective reuptake inhibitors (SSRI), increase the synaptic levels of serotonin and noradrenaline by inhibiting reuptake or metabolism, but it has been unclear why their clinical effects appear with a substantial delay, while the effects on monoamines take place fast (Abdallah et al., 2015; Belmaker and Agam, 2008) . The recently described rapid antidepressant effect of ketamine is attributed to inhibition of However, at higher concentrations (50-100µM), cholesterol suppressed the effects of BDNF (Fig. 1A) .
Cholesterol promoted the interaction of TRKB with phospholipase C-gamma1 (PLC-γ1), a critical mediator of TRKB intracellular signaling (Minichiello et al., 2002) (Fig. 1B, S1C ). The majority of TRKB resides in intracellular vesicles not accessible to BDNF (Du et al., 2000; Haapasalo et al., 2002; Meyer-Franke et al., 1998) . We found that cholesterol treatment increased the translocation of TRKB to the cell surface in fibroblasts expressing TRKB, but not in cells expressing TRKA (Fig. S1D,F) . The effects of BDNF on TRKB-PLC-γ1 interaction (Fig. 1B) , as well as on neurite branching in cultured cortical neurons ( Fig.   S1H -L) were prevented by prior treatment with pravastatin (1µM/3d), an inhibitor of cholesterol synthesis, as reported previously (Suzuki et al., 2004) . A higher concentration of pravastatin (2µM/5d) reduced the survival of cultured cortical neurons and this effect was attenuated by exogenous cholesterol (20µM), but not by BDNF ( Fig. S1M,N) , indicating that the effects of pravastatin are mediated through inhibition of cholesterol synthesis.
Tyrosine residue in the center of CARC motif is predicted to be critical for cholesterol interaction (Fantini and Barrantes, 2013) . Mutation of the critical tyrosine 433 in the TRKB CARC motif into phenylalanine (TRKB.Y433F) did not influence the binding affinity of BDNF (TRKB.wt=0.081ng/ml; TRKB.Y433F=0.076ng/ml; Fig. S1O ). However, this mutation reduced the BDNF-induced increase in the phosphorylation of TRKB (pTRKB) at the PLC-γ1 interaction site Y816, but not at Y515 (Fig. 1C,D) in fibroblasts. To investigate the effect of this mutation on TRKB dimerization, we used split luciferase protein complementation assay in neuroblastoma cells (Merezhko et al., 2020) . We observed that although the basal TRKB dimerization was not affected, the Y433F mutation compromised BDNF-induced increase in dimerization of TRKB (Fig. S1G ). Furthermore, translocation of TRKB.Y433F to lipid rafts was reduced when compared to the wild type TRKB (Fig. S3I ). In agreement with the previous observation (Pereira and Chao, 2007) , the BDNF-induced increase in the interaction of TRKB with raft-restricted FYN was compromised ( Fig. 1E ). Taken together, these data indicates that cholesterol interacts with a CARC domain within the TRKB TM region and promotes TRKB translocation to lipid raft-like regions on neuronal surface, thereby promoting BDNF signaling.
Modeling of cholesterol-TRKB interaction
We next used molecular dynamics simulations (MD) to investigate the atomistic-scale organization of TRKB TM domain dimers (Table S1 ). In low cholesterol concentrations, extensive docking calculations revealed five possible dimer structures. However, MD simulations showed that only one of the structures is stable in phosphatidylcholine bilayer with 20-40 mol% cholesterol. This structure matches a cross-like conformation, where the coupling between the two TM domains takes place at 439 AXXXG 443 ( Fig. 1F-H) , which conforms to the known GXXXG-like dimerization motif (Li et al., 2012; Senes et al., 2004) . This cross-like conformation is analogous to that proposed for the TM domains of EGF receptor dimer, where the distance between the C-termini of TM domains largely determines the orientation of the intracellular domains and EGF signaling Endres et al., 2013; Sinclair et al., 2018) . In the absence of cholesterol, the average distance between the TRKB TM C-termini was 19.4Å on average ( Fig. S2 ).
However, when the TM dimer was simulated at a higher cholesterol concentrations, the dimer conformation switched from the stable cross-like structure seen at 20mol% (with the average C-terminal distance of 14.3Å) to a more parallel conformation at 40mol% (the average C-terminal distance decreased to 12.4Å).
Extensive analysis and complementary simulations revealed that the main factor causing the change in the TM dimer structure in response to higher cholesterol concentration is the increase in membrane thickness ( Fig. S2A ) that enforces the TM domains to reduce their tilt to match the hydrophobic membrane thickness ( Fig 1F-H) .
The Y433F mutation on the TM dimers disrupted the tyrosine-tyrosine bond between monomers at Y433 ( Fig. 1I ) and forced a 40 degrees rotation relative to each other, compromising the contact at the dimerization motif GXXXA, and substantially reducing the C-terminal distance of the TM domains ( Fig.   S2A ). Taken together, these findings are consistent with our experimental data showing that there is an optimal cholesterol concentration for TKRB function, with a compromised function at low cholesterol concentrations where the structure of the TM domain is likely disrupted and at high concentrations where the cross-shaped TM structure is replaced with a presumably instable parallel TM orientation.
Figure 1. Identification of cholesterol-interacting motif (CARC) in TRKB. (A)
Dual effect of cholesterol in BDNF-induced activation of TRKB [interaction: F(5,84)=5.654, p=0.0002; n=6/group]. (B) BDNF-induced increase in TRKB:PLC-γ1 is prevented by previous treatment with pravastatin [interaction: F(1,19)=11.23, p=0.003; n=5-6]. (C) BDNF-induced phosphorylation of TRKB at Y816 is prevented in the TRKB.Y433F mutant [interaction: F(1,47)=6.688, p=0.0129; n=10-14]. (D) The Y433F mutation does not affect BDNF-induced phosphorylation of TRKB at Y515 residues in MG87 cells [interaction: F(1,33)=0.1874, p=0.6679; n=9-10]. (E) The BDNF-induced increase in TRKB interaction with FYN fragment in lipid raft is compromised by the Y433F mutation [interaction: F(1,44)=20.96, p<0.000; n=12]. * p<0.05 from the ctrl/ctrl group, data expressed as Mean±SEM of percentage from control group. Structures for wild-type TRKB in the absence of cholesterol (F) and at cholesterol concentrations of (G) 20mol% and (H) 40mol%, and (I) for the TRKB.wt and TRKB.Y433F heterodimer at 20mol% (systems 1-4, Table S1 , Fig. S2 for distance and ɑ values between C-termini).
Antidepressants bind to TRKB CARC domain
We and others have previously shown that essentially all antidepressant drugs promote TRKB signaling in the rodent brain and that TRKB signaling is required for their behavioral effects of antidepressants in rodents (Castrén and Antila, 2017; Monteggia et al., 2004; Saarelainen et al., 2003) . Many antidepressant drugs are cationic amphipathic molecules that share many features with cholesterol and they are known to interact with phospholipids and accumulate to lipid rafts (Chen et al., 2012; Erb et al., 2016; Kornhuber et al., 1995; Wray et al., 2018) . We therefore speculated whether antidepressants might also interact with the TRKB CARC domain. We found that several antidepressants mimicked the effects of cholesterol and enhanced the interaction of TRKB and the pTRKB.Y816 with PLC-γ1 in primary cortical neurons ( Fig. S3A -H). This interaction was blocked by the cholesterol-sequestering agent β-cyclodextrin -βCDX ( Fig. S3A-F) , indicating that increased TRKB signaling induced by antidepressants is modulated by cholesterol. Furthermore, the SSRI fluoxetine increased the surface expression of TRKB in cortical neurons, and this effect was also prevented by βCDX ( Fig. S3F ). These data suggest that antidepressants interact with the TRKB cholesterol interaction motif.
We then assayed for the binding of antidepressants to TRKB. We first found that biotinylated fluoxetine binds to immunoprecipitated TRKB with a relatively low µM affinity (Kd=2.42μM; Fig. 2A ). To verify the direct interaction between fluoxetine and TRKB, we used microscale thermophoresis assay -MST (Jerabek-Willemsen et al., 2014) . This assay confirmed that N-terminally GFP-tagged TRKB derived from lysates of transfected HEK293T cells bound to unlabeled fluoxetine ( Fig. S4D ). We further found that tritiated imipramine binds to TRKB at micromolar affinity (Kd=1.43μM; Fig. 2B ) similar to that seen with fluoxetine. Although the affinities of imipramine and fluoxetine to serotonin transporter (5HTT) are orders of magnitude higher than those observed for TRKB, micromolar affinity corresponds well to the concentrations of antidepressant reached in the human brain during chronic treatment (Bolo et al., 2000; Henry et al., 2000; Karson et al., 1993; Kornhuber et al., 1995) . Binding of biotinylated fluoxetine (1µM) to TRKB was displaced by unlabeled fluoxetine (Ki=1.69μM, Fig 2D) but also by imipramine, ketamine, esketamine and R,R-HNK (Ki=1.03, 12.30, 2.86 and 2.23μM, respectively; Fig 2E-H) . By contrast, control compounds isoproterenol, chlorpromazine, diphenhydramine and 2S,6S-HNK that are structurally and physico-chemically similar to antidepressants, produced weak, if any displacement of biotinylated fluoxetine ( Fig. S4B ,C). As expected, BDNF failed to displace fluoxetine from TRKB ( Fig. S4A ), consistent with different sites for TRKB interaction with antidepressants and BDNF.
The finding that ketamine and R,R-HNK compete with fluoxetine indicates that not only typical antidepressants, but also the novel rapid-acting antidepressants might bind to TRKB. Remarkably, R,R-HNK clearly bound to TRKB (Kd=1.82μM, Fig. 2C ). Recent findings indicate that R,R-HNK produces antidepressant-like effects in rodents at concentrations that do not inhibit NMDA receptors, the proposed primary interaction site for rapid-acting antidepressants (Zanos et al., 2016 (Zanos et al., , 2018 . However, no alternative binding site for R,R-HNK that could explain its antidepressant-like effects was identified. Our current finding now suggests that TRKB might be the so far elusive direct target for R,R-HNK.
To investigate whether the TRKB CARC domain is involved in antidepressant binding, we assayed binding to the TRKB.Y433F mutated receptor. The affinity of fluoxetine, imipramine and R,R-HNK to TRKB.Y433F was much lower than to the wild-type TRKB ( Fig. 2A-C) , reinforcing that the binding may take place at the TRKB CARC site. Together, these results suggest that all of the investigated antidepressants interact with the TRKB CARC motif at clinically meaningful concentrations (Bolo et al., 2000; Henry et al., 2000; Karson et al., 1993; Kornhuber et al., 1995) . Figure 2 . Binding of antidepressants to TRKB. Binding of (A) biotinylated fluoxetine [interaction: F(7,153) = 16.18, p< 0.0001; n=6-14], (B) tritiated imipramine [interaction: F(7,16)= 106.1, p<0.0001; n=2] and (C) biotinylated R,R-HNK [interaction: F(7,160)=14.91, p<0.0001; n=6-14] to precipitated TRKB.wt or TRKB.Y433F. Data expressed Mean±SEM of percentage of binding at 100µM for fluoxetine and R,R-HNK or at 30µM for imipramine. Biotinylated fluoxetine (1μM) interaction with TRKB is reduced by (D) fluoxetine, (E) imipramine, (F) ketamine, (G) esketamine and (H) R,R-HNK (n=8/group).
Modeling fluoxetine binding to TRKB
We next employed a combination of docking and molecular dynamics simulations to characterize the putative antidepressant binding site using fluoxetine as the model drug. The transmembrane helix dimer features four distinct v-shaped crevices around the central hinge region. We first docked fluoxetine separately to each of the four crevices using 30 different crisscrossed conformations of TRKB TM dimers, each separately obtained by independent 1 microsecond-long MD sampling in 20mol% cholesterol membrane. We then combined the decoys from all docking runs and evaluated them based on the interface score. The best scoring configurations consistently featured fluoxetine binding to the crevice facing the extracellular site in a common binding mode (Fig. 3A) .
To further assess the binding mechanism of fluoxetine and verify the drug binding site in a more native-like environment, we performed 120 MD simulations each initiated from a different configuration obtained by repositioning the drug in the vicinity of the characterized binding pocket and randomizing its orientation. While the drug could re-establish the characterized binding pose in some simulations for a brief time, only one out of 120 simulations resulted in long-lasting stable association with the protein. Inspection of the simulation trajectories revealed that the stable drug binding not only engages several protein residues ( Fig. 3A ,C,D) important for the dimerization and proper orientation of the helices, but also recruits phospholipids ( Fig. 3B ).
We next modeled the effects of cholesterol-regulated membrane thickness on fluoxetine binding to TRKB. As shown above, the configuration of TRKB TM dimers was stable at 20mol% of cholesterol, but the increased membrane thickness at 40mol% of cholesterol destabilized the structure (Fig. 1G ,H). We found that even at 40mol% of cholesterol, fluoxetine promoted the retention of TRKB dimers in the active configuration, close to the one observed in 20mol%, thus maintaining the separation between the C-termini, which is consistent with our biochemical observations ( Fig. 1A) . Following drug expulsion, the simulations invariably transitioned to the more parallel conformation seen in Fig. 1H . These data suggest that fluoxetine binding to the dimeric TRKB interface acts as a wedge, stabilizing the cross-shaped active conformation at high cholesterol concentration typically present in synaptic membranes.
We also investigated the effect of the Y433F mutation on fluoxetine binding in silico . Starting with equilibrated stable protein-fluoxetine complex systems, we introduced the Y433F mutation in 20 independent simulations. The drug left the binding pocket in all simulations within a short time-frame. Indeed, the residence-time of the drug is decreased by at least 4 times upon the mutation (161ns) when compared to the wild-type protein (>696ns). These results indicate a strong destabilizing effect of the mutation on fluoxetine-TRKB interaction. Figure 3 . The fluoxetine binding pocket at the dimeric interface of the TRKB transmembrane helices. (A) A representative snapshot showing fluoxetine in the crevice between the TRKB monomers. Fluoxetine including its hydrogens is shown in licorice representation and the protein in cartoon representation. The side chains that interact with the drug are labeled and also shown in licorice. (B) Fluoxetine binding also involves lipid molecules, which provide a closed cavity for the drug. The protein is shown in green cartoon representation, the drug in van der Waals representation, and the lipids in licorice representation. (C) The chemical structure of fluoxetine. The atom names are labeled and the chemically equivalent atoms are indicated with an apostrophe. (D) The contact probability between drug heavy atoms and the interacting protein residues are shown. The upper and lower panels correspond to the two different transmembrane helices (residues of the second helix are tagged with an apostrophe). Contact probabilities are calculated using a minimum distance cutoff of 5Å (System 9, Table S1 ).
TRKB CARC motif modulates TRKB trafficking
TRKB receptors are predominantly localized intracellularly in vesicles that are translocated to cell surface upon neuronal activation or BDNF exposure (Du et al., 2000; Haapasalo et al., 2002; Meyer-Franke et al., 1998) . To investigate the effects of antidepressants on TRKB trafficking and surface expression, we first evaluated the mobility of TRKB in neuronal spines using fluorescence recovery after photobleaching (FRAP) assay. In hippocampal primary cultures (DIV14) transfected to express GFP-tagged TRKB, the fluorescence is rapidly recovered in neurite shafts after bleaching ( Fig. S5A ), however, very little recovery was seen in dendritic spines within the time frame of two minutes (Fig. 4A ). When neurons were pretreated with BDNF (10ng/ml/15min) before bleaching, there was a rapid recovery of GFP-TRKB fluorescence, which indicates TRKB trafficking to dendritic spines (Fig. 4B,E) . We then pretreated the cells with fluoxetine (1µM) to investigate whether antidepressants mimic the effects of BDNF on TRKB trafficking. Indeed, fluoxetine, like BDNF, induced a rapid increase in the recovery of GFP-TRKB fluorescence in dendritic spines without any effect on dendritic shafts (Fig. 4C,F) . Similarly, pretreatment with ketamine (10µM) also promoted recovery of GFP-TRKB fluorescence in dendritic spines (Fig. 4D,G) . We then transfected cultured hippocampal neurons with GFP-tagged TRKB.Y433F ( Fig. 4H-J) . There was no difference in GFP-TRKB.Y433F expression in neurons before bleaching, indicating that TRKB.Y433F is expressed in neurons to the same extent as the wild-type TRKB. However, after photobleaching, neither BDNF, fluoxetine nor ketamine produced any increase in GFP-TRKB fluorescence in dendritic spines when compared to vehicle-treated cells ( Fig. 4H-J) . These data demonstrate that BDNF, fluoxetine and ketamine promote TRKB trafficking in dendritic spines and that this effect is dependent on the TRKB CARC domain.
We next investigated clustering of TRKB on plasma membrane using dSTORM/TIRF superresolution microscopy in fibroblast cell line transfected with either wild-type TRKB or the TRKB.Y433F mutant receptors, both tagged with GFP. We observed that both BDNF and fluoxetine increased the size of clusters of wild-type TRKB at the plasma membrane, indicating that the increased trafficking leads to increased cell surface expression of TRKB ( Fig 4K,L) . However, although the basal expression of GFP-TRKB.Y433F at cell surface was similar to that of the wild-type TRKB (Fig. 4M,N) , BDNF and fluoxetine failed to promote clustering of GFP-TRKB.Y433F at the cell surface ( Fig. 4O ). Thus, TRKB translocation to and clustering at the plasma membrane promoted by BDNF (Haapasalo et al., 2002; Suzuki et al., 2004) or antidepressants (Fred et al., 2019) are dependent on the TRKB CARC domain. 
TRKB CARC motif modulates synaptic plasticity
BDNF is known to be a critical mediator of synaptic plasticity and is required for long-term potentiation (LTP) in slices as well as in vivo , and these effects are mediated by TRKB (Ernfors and Bramham, 2003; Minichiello, 2009; Panja and Bramham, 2014) . We therefore investigated whether interaction of cholesterol with TRKB is involved in BDNF-induced LTP. Infusion of BDNF into the dentate gyrus of anesthetized rats significantly increased synaptic strength, as previously reported (Messaoudi et al., 2002; Panja and Bramham, 2014) (Fig. 5A ). However, this effect of BDNF was partially prevented when rats were co-treated with pravastatin (10mg/kg/day/14days; Fig. 5A ), suggesting that neuronal cholesterol is required for the effects of BDNF on LTP.
To investigate whether this effect of BDNF on LTP involves the TRKB CARC motif, we generated a mouse carrying the TRKB.Y433F mutation. We first investigated the LTP in the CA3-CA1 synapse induced by theta-burst stimulation, which is known to be more dependent on BDNF than the stronger tetanic stimulation (Kang et al., 1997; Patterson et al., 2001) . Theta-burst stimulation reliably induced an LTP in the CA3-CA1 synapse in slices derived from wild-type mice. Remarkably, similar stimulation of slices derived from heterozygous TRKB.Y433F mice failed to induce any potentiation ( Fig. 5B ), suggesting that TRKB CARC motif is critical for LTP. However, tetanic stimulation induced LTP in both wild-type and TRKB.Y433F slices (Fig. S5B) , consistent with the central role of BDNF in theta-burst mediated LTP (Kang et al., 1997; Minichiello et al., 2002; Patterson et al., 2001) . Taken together, these data indicate that interaction of cholesterol with the TRKB CARC domain is critical for synaptic plasticity induced by BDNF.
TRKB CARC motif mediates the behavioral effects of antidepressants
We next investigated whether TRKB-cholesterol interaction and antidepressant binding to TRKB influence neuronal plasticity-dependent learning and behavior. We first tested the effects of antidepressants on long-term memory using object location memory (OLM) test. Mice were allowed to explore two identical objects placed in different corners of the cage for 15min. After 7 days exposure to fluoxetine (15mg/kg/7days -0.10mg/l -in the drinking water), mice were placed in a cage where one of the objects was placed to a different corner and exploration of that object relative to the stationary object was recorded. We observed that fluoxetine treatment improved the performance of wild-type mice in the OLM test (Fig. 5C ).
The behavior of vehicle-treated heterozygous TRKB.Y433F mice was similar to their vehicle-treated wild-type littermates, however, fluoxetine treatment failed to improve the behavior of mutant mice (Fig. 5C) .
A similar lack of response to fluoxetine was observed in BDNF haploinsufficient mice (Fig. S5E ). We also tested the effect of fluoxetine in the OLM test in serotonin transporter knockout (5HTT.ko) mice lacking the primary site of action of SSRIs. Remarkably, these mice respond to fluoxetine treatment normally in the OLM test (Fig. S5F) , indicating that the effects of fluoxetine in this test are not mediated by inhibition of serotonin transport. This is consistent with the recent finding that the behavioral and electrophysiological effects of SSRIs are preserved in 5HTT.ko mice (Normann et al., 2018) . However, a recent study found that behavioral effects of fluoxetine are lost in mice with a point mutation in 5HTT that impairs the response to antidepressant drugs (Nackenoff et al., 2016) .
Forced swim test (FST) is the classical behavioral test used for evaluating antidepressant potential.
Previous studies have shown that BDNF-TRKB signaling is sufficient and necessary for the effects of antidepressants in this test (Koponen et al., 2005; Lindholm and Castrén, 2014; Monteggia et al., 2004; Saarelainen et al., 2003) . As expected, we found that chronic treatment of wild-type mice with fluoxetine (15mg/kg/21days in the drinking water) significantly reduced immobility in the FST (Fig. 5E ). Similarly, a single injection of the fast-acting antidepressant ketamine (10mg/kg i.p., 2h before test) significantly reduced immobility (Fig. 5F) . In contrast, both fluoxetine and ketamine were ineffective in TRKB.Y433F mice (Fig.   5E ,F).
We further investigated the effects of fluoxetine on fear extinction in wild-type and TRKB.Y433F mutant mice, as fluoxetine is known to promote extinction of conditioned fear BDNF-dependently (Andero and Ressler, 2012; Deschaux et al., 2011; Karpova et al., 2011) . The freezing response was indistinguishable between the genotypes after conditioning (Fig. 5D ). As previously observed (Karpova et al., 2011) , fluoxetine (in the drinking water for 2 weeks) promoted extinction of conditioned fear in wild-type mice ( Fig. 5D ). There was an unexpected increase in the freezing response in TRKB.Y433F mice after the first extinction session before a partial extinction seen after the second session. However, fluoxetine did not have any effect on freezing in TRKB.Y433F mice at any time point (Fig. 5D ).
Finally, we investigated the interaction between TRKB and antidepressant on ocular dominance (OD) plasticity in the visual cortex, a standard method of cortical plasticity (Wiesel, 1982) . Monocular deprivation for a week induces a shift in OD during a critical period, but not in adults (Wiesel, 1982) . It has been reported, however, that chronic fluoxetine treatment reactivates a critical period-like plasticity in the visual cortex of adult mice, allowing an OD shift in response to deprivation to develop (Maya Vetencourt et al., 2008; Steinzeig et al., 2017) . We assessed ocular dominance using optical imaging of intrinsic signal (Cang et al., 2005; Greifzu et al., 2011; Steinzeig et al., 2017) . As reported before, when mice were treated with fluoxetine for 4 weeks (in drinking water), a 7-day monocular deprivation during the last treatment week induced a dramatic shift in OD in favor of the open eye (Fig. 5G) . We now observed that a significant shift in OD comparable to that produced by fluoxetine was observed when mice were treated with R,R-HNK, but a much shorter treatment was needed for R,R-HNK (10mg/kg, ip, three injections in alternate days right before and during the 7-day deprivation) than for fluoxetine ( Fig. 5G) , consistent with the fast action of R,R-HNK. Ketamine (10mg/kg, ip, three injections in alternate days right before and during the 7 d deprivation), also permitted a significant OD shift, however, the magnitude of this shift was lower than that produced by fluoxetine and R,R-HNK. Remarkably, the effect of fluoxetine on the shift in ocular dominance was lost in TRKB.Y433F heterozygous mice (Fig. 5H) , indicating that the plasticity-inducing effects of antidepressants may be mediated by their direct binding to TRKB.
Taken together, these data demonstrate that the behavioral effects produced by different antidepressants were lost in TRKB.Y433F mutant mice. Moreover, we also observed that the behavioral effects were lost when antidepressants were co-administered with pravastatin ( Fig. S6) , demonstrating that TRKB interaction is cholesterol-dependent and not produced by any non-specific effects of the TRKB.Y433F mutation. 
Discussion
In this study, we have identified a novel cholesterol-interaction motif in the BDNF receptor TRKB and shown that cholesterol promotes and is needed for TRKB signaling. Molecular modeling and simulations proposed a novel model for the configuration of TRKB TM domains and revealed how cholesterol regulates this configuration through membrane thickness. Given the major role of BDNF-TRKB signaling in synaptic stabilization and plasticity (Park and Poo, 2013) , these data suggest that interaction with TRKB may mediate at least a part of the well-known plasticity-enhancing effects of cholesterol (Martin et al., 2014; Mauch et al., 2001; Pfrieger and Ungerer, 2011) .
We have then shown that several different antidepressants, including an SSRI fluoxetine, tricyclic imipramine, rapid-acting ketamine and its metabolite R,R-HNK bind to TRKB transmembrane helices with a therapeutically relevant affinity. Molecular simulations revealed a binding pocket for fluoxetine formed by the dimerization of TRKB transmembrane helices. Antidepressant binding stabilizes the TRKB transmembrane domain structure in high cholesterol-containing membranes, such as synaptic membranes, and thereby allosterically promotes TRKB membrane localization and BDNF signaling. A mutation in the TRKB cholesterol-interaction motif reduces antidepressant binding and compromises the plasticity-promoting effects of BDNF and antidepressants in vitro and in vivo . Taken together, our study represents a substantial step forward in understanding the molecular mechanisms of how cholesterol and antidepressant drugs regulate neuronal plasticity.
TRKB-cholesterol interaction
Astrocyte-derived cholesterol has been recognized as an important regulator of neuronal maturation and plasticity (Martin et al., 2014; Mauch et al., 2001; Pfrieger and Ungerer, 2011) , but the mechanisms through which cholesterol acts to produce these effects have remained unclear. The recent recognition of the CRAC/CARC sequences in several proteins interacting with cholesterol (Fantini and Barrantes, 2013) has facilitated the identification of proteins that potentially mediate the effects of cholesterol in cells. We have here demonstrated that TRKB possesses a CARC domain and that cholesterol potentiates the effects of BDNF on TRKB signaling.
Cholesterol is known to regulate BDNF signaling (Pereira and Chao, 2007; Suzuki et al., 2004; Zonta and Minichiello, 2013) , and BDNF, in turn, promotes neuronal cholesterol synthesis (Suzuki et al., 2007) . Synaptic membranes are enriched in cholesterol and resemble cholesterol-rich lipid rafts (Ikonen, 2008) . TRKB normally resides outside rafts, but it can transiently translocate to rafts upon BDNF stimulation (Pereira and Chao, 2007; Suzuki et al., 2004) , as also observed here. This translocation takes place rapidly and may be related to our observation of TKRB trafficking to dendritic spines and clustering on plasma membrane, both of which were stimulated by BDNF and antidepressants. Translocation of TRKB to rafts is dependent on Fyn kinase (Pereira and Chao, 2007; Suzuki et al., 2004) and we observed that BDNF increases interaction of Fyn with wildtype TRKB, but not with the TRKB.Y433F mutant. These data suggest a scenario where activation of TRKB with BDNF or antidepressants promotes its translocation to cholesterol-rich synaptic membranes. TRKB appears to be the only member of the TRK family of neurotrophin receptors that contains a CARC motif in the TM domain. Although TRK family members show high homology, the TM domain of TRKB differs from that of TRKA and TRKC. TRKA and TRKC act as dependence receptors inducing cell death in the absence of a ligand, but TRKB does not have this property (Nikoletopoulou et al., 2010) . There is data to suggest that this property is dependent on the transmembrane domain, and a chimeric TRKB with the TM domain of TRKA resides in rafts and mediates death in the absence of BDNF (Dekkers et al., 2013) .
Our data suggest that the evolution of TRKB to include a CARC motif as a cholesterol sensor may be important for its function as mediator of activity-dependent plasticity.
Our modeling data implicates that the major effect of cholesterol on TRKB function is mediated by cholesterol-induced changes in the membrane thickness, which alters the relative orientation of TRKB dimers. This is consistent with our observation that cholesterol plays a permissive role in BDNF-induced TRKB activation, but high cholesterol concentrations limit BDNF signaling. Little is known about the structure of TRKB dimers in biological membranes. Our simulation data now suggest that TM domains of TRKB cross each other at 439 AXXXG 443 dimerization motif and that membrane thickness critically regulates the structure and function of dimerized TRKB. Previous studies have recognized a similar kind of crossed structure for epidermal growth factor (EGF) receptor TM dimers and shown that the distance of the C-terminal ends of TM domains crucially determines the signaling capacity of the EGF receptor Endres et al., 2013; Sinclair et al., 2018) . Although the exact structure of TRKB, encompassing the extracellular, TM and intracellular domains, remain to be determined, our data suggest that, analogous to the EGF receptor, the angle between the dimerized and criss-crossed TRKB TM domains, regulated by the membrane thickness, plays an important role in TRKB signaling. Specifically, our data suggest that in thick, cholesterol-rich membranes that are typically found in synapses and lipid rafts, TRKB TM domains assume a near-parallel position that presumably is not stable. This leads to the exclusion of TRKB from synaptic membranes and limits synaptic TRKB signaling. Furthermore, our modeling and simulation data suggest that binding of fluoxetine to a site formed by the crossed TM domains act as a wedge, maintaining a more stable structure in synaptic membranes, thereby allosterically facilitating BDNF signaling. Obviously, the configuration of the TM domain is not the only determinant of TRKB signaling capacity, nevertheless, we consider that our findings are a major step forward in understanding the interaction of TRKB with cellular membranes.
Antidepressant binding to TRKB
BDNF signaling is known to be crucial to the action of essentially all antidepressant drugs (Autry and Monteggia, 2012; Castrén and Antila, 2017; Duman and Monteggia, 2006) , but this effect has been assumed to be indirectly mediated by other proteins such as 5HTT or NMDA receptors. We now show that antidepressants bind to the transmembrane region of TRKB dimers with a therapeutically relevant affinity (Bolo et al., 2000; Karson et al., 1993) , stabilizing a conformation of the TRKB TM dimers favorable for signaling, thereby promoting TRKB translocation to and retention at the plasma membrane, where it is accessible to BDNF. Specific binding was observed not only by fluoxetine and imipramine, representing typical SSRI and tricyclic antidepressants, respectively, but also by the rapid-acting ketamine metabolite RR-HNK. Binding of labeled fluoxetine was displaced by fluoxetine itself and by imipramine, RR-HNK and also by ketamine, which suggests that these drugs bind to at least partially overlapping binding sites.
However, several structurally similar molecules showed little if any capacity to displace fluoxetine binding, suggesting specificity for this binding site.
Atomistic simulations identified a candidate binding site for fluoxetine at the outer opening of the crossed dimer of TRKB TM domains, and suggested a plausible mechanisms for how this binding may stabilize TRKB dimers in a favorable conformation and thereby promote the localization of TRKB at synaptic membranes and allosterically enhance BDNF effects. Simulations predict and mutagenesis demonstrates that the CARC motif plays a critical role in the binding of antidepressants to TRKB. Taken together, these data suggest that direct binding to the dimer of TRKB TM domains may function as a novel binding site for several different antidepressants. Simulations also predict that membrane lipids participate in fluoxetine binding to TRKB. Furthermore, our recent findings indicate that TRKB exists as a multi-protein complex that also includes transmembrane proteins (Fred et al., 2019) . It is therefore possible that other proteins and lipids participate in antidepressant binding to TRKB in cell-type and subcellular compartment dependent manner. Nevertheless, further characterization of this binding site may yield important information for discovery of new antidepressants with increased potency for plasticity-related behavioral effects.
The affinity of ketamine to TRKB is comparable to its affinity to NMDA receptors, but fluoxetine and imipramine bind to 5HTT with a much higher affinity than to TRKB. Remarkably, however, micromolar concentrations of SSRIs are reached and apparently required in the brain during chronic treatment (Bolo et al., 2000; Henry et al., 2000; Karson et al., 1993; Kornhuber et al., 1995) . The fact that concentrations (orders of magnitude higher than those required for binding to monoamine transporters) are achieved in the human brain has received surprisingly little attention.
It has been known for decades that the clinical antidepressant response to SSRIs and tricyclic antidepressants is only reached after several weeks of treatment, but the underlying reason for this delay has remained a mystery. One explanation has been that the process of neuronal plasticity induced by antidepressants may take time to develop. However, the discovery of the rapid action of ketamine, which is also dependent on plasticity, has undermined this explanation. Interestingly, micromolar brain concentrations of typical antidepressants are not achieved immediately upon administration, but the drugs gradually accumulate in the brain during chronic treatment, reaching a plateau after several weeks of continuous treatment (Bolo et al., 2000; Henry et al., 2000; Karson et al., 1993; Kornhuber et al., 1995) .
These data suggest that the clinical response to antidepressants is only achieved after a brain concentration of a drug reaches the level to fill a low-affinity binding site, such as that of TRKB. Ketamine, on the other hand, being an anesthetic, may readily penetrate the brain and achieve a sufficient synaptic concentration quickly. Therefore, the gradual increase in brain concentration to a level needed for TRKB binding might be at least one explanation for why typical antidepressants take so long to act, while the rapid brain penetration of ketamine and RR-HNK enables fast action.
The present findings demonstrate that antidepressants bind to TRKB and thereby allosterically increase BDNF signaling. These findings directly link the effects of antidepressants to neuronal plasticity (Castrén and Antila, 2017) . Juvenile-like plasticity induced by these drugs in the adult brain facilitates beneficial re-adaptation of neuronal networks that have been abnormally wired during development or by stress, which may explain the superiority of the combination of antidepressant treatment with psychotherapy (Pampallona et al., 2004) . Our data suggests a new framework for antidepressant action where the drugs bind to the cholesterol-interaction site of TRKB, thereby allosterically promoting BDNF-induced plasticity, which is permissive for the activity-dependent network rewiring that underlies the clinical antidepressant response.
In vivo BDNF-induced LTP was performed according to literature (Panja and Bramham, 2014) . Briefly, pravastatin was administered in drinking water at a dose of 10mg/kg/day for 15-17 days calculated on the basis of daily body weight. Rats were anesthetized with an intraperitoneal injection of urethane 1.5 g/kg body weight, positioned in a stereotaxic frame, and Teflon-coated tungsten wire recording electrode was placed in the dentate hilus. The tip of the infusion cannula was located in the deep stratum lacunosum-moleculare of field CA1, 800μm above the hilar recording site and 300-400μm above the medial perforant synapse. After baseline recording for 20 min, infusion of 2µl of 1 μg/μl BDNF over 30 min at a rate of 0.067µl/min. Evoked responses were recorded for 120 min after infusion.
Ex vivo
activity-induced LTP: TBS and tetanus stimulus was performed according to literature (Popova et al., 2017) . Briefly, mice were deeply anaesthetized with isoflurane, the brains were dissected and horizontal 350 micrometers brain slices of the hippocampus were cut on a vibratome. Field excitatory postsynaptic currents (EPSPs) were recorded at the stratum radiatum of the CA1 region. Electric stimulation was delivered by a bipolar concentric stimulation electrode placed at the Schaffer collateral. After obtaining a 15 min stable baseline theta burst stimulation (TBS: 10 bursts of four pulses at 100 Hz, with an interburst interval of 200 msec) or tetanic stimulation (200ms pulse interval; 100 pulses; 0.1ms pulse duration) was delivered and field potentials were recorded for 45 min.
Ocular dominance plasticity assay (details in supplement):
The shift in ocular dominance induced by drug treatment was performed according to literature (Steinzeig et al., 2017) . Briefly, animals were anesthetized via i.p. injection with a mixture containing: 0.05 mg/kg fentanyl; 5 mg/kg midazolam; 0.5 mg/kg medetomidine; diluted in saline and fixed in the stereotaxic frame. After cleaning and polishing, a thin layer of cyanoacrylate glue was applied to the surface of the skull, in order to make it transparent. The next day, the acryl layer was polished over the area of interest. A metal head holder was first glued on the skull, carefully keeping the area of interest at the center of the holder, and then fixed with a mixture of cyanoacrylate glue and dental cement. Finally, transparent nail polisher (#72180, Electron Microscopy Sciences) was applied inside the metal holder above the area of interest. Monocular deprivation was carried on the left eye, the eyelashes were cut and the eye sutured shut with 3 mattress sutures. The monocular deprivation lasted 8 days and the animals were checked daily and resutured if needed to prevent reopening of the eyes. Two sessions of imaging were performed: one before the beginning of the treatment with fluoxetine, ketamine or R,R-HNK (IOS I) and one on the 8th day after monocular deprivation (IOS II). For imaging, animals were kept on a heating pad located in front of and within 25 cm from the stimulus monitor. The visual stimulus was a 2°wide horizontal bar moving upwards with a temporal frequency of 0.125 Hz and a spatial frequency of 1/80 degree, displayed in the central part of a high refresh rate monitor (-15 to 5 degrees azimuth, relative to the animal visual field) in order to preferentially stimulate the binocular part of the visual field. The continuous-periodic stimulation was synchronized with a continuous frame acquisition, frames were collected independently for each eye. After obtaining cortical maps for both contralateral (C) and ipsilateral (I) eyes and computing Ocular Dominance score as (C−I)/(C+I), finally, the Optical Dominance Index (ODI) was calculated as the mean of the OD score for all responsive pixels. The ODI values are comprised in an interval going from -1 to +1: positive values indicate a contralateral bias, negative ones indicate ipsilateral bias and ODI values of 0 indicate that ipsilateral and contralateral eyes are equally strong.
Behavioral analysis:
Object-location memory (OLM): this test was performed in a square arena (28cm side) with opaque walls containing cues (black stripes or spots). The mice were placed for 3 consecutive days (15min per session) in the arena with two identical objects (table tennis balls glued to caps of 50ml Falcon tubes) in the same position throughout the sessions (pretest). Following the drug administration (starting immediately after the last pretest session). At the test session one of the objects is moved to a different position and the number of visits (counted as sniffing or interacting with the object) to the old (A) or newly located (A') object was determined by an observer blind to the conditions (Ampuero et al., 2013; Dere et al., 2007) . Contextual fear conditioning: this test was modified from previous studies (Karpova et al., 2011) . Briefly, the mice were conditioned to 5 scrambled foot shocks (0.6mA/2s) during the 8 min session (arena: 23×23×35cm) under constant illumination (100 lux). The treatment with fluoxetine started immediately after the conditioning session throughout the last extinction trial. During the extinction trials, the animals were exposed to the same context where the shocks were delivered and the time spent in freezing during the 8 min session was automatically determined by the software (TSE Systems, Germany). Forced swimming test -FST:
animals were submitted to a 6min session of FST in 5-liter glass beaker cylinders (19cm diameter, with 20cm water column 25±1 o C) (Diniz et al., 2018) . Fluoxetine was administered for 3weeks (15mg/kg, in the drinking water), and ketamine was injected 2h (ip) prior to the FST. The immobility was assessed in the last 4min of the session, and the water was changed between each test. After swimming, animals were kept in a warm cage until dried, then returned to their home cages. Test was videotaped and analyzed by a trained observer blind to treatment.
Statistics:
Student's t test (two-tailed), one-or two-way ANOVA were used, followed by Fisher's LSD post hoc test. F and p values are indicated in figure legends.
